Immunosenescence is characterized by a quantitative decline of adequate immune responses, which renders the elderly individual particularly susceptible to bacterial, viral and fungal pathogens. Whereas changes of the aging adaptive immune system (for example, reduced immunoglobulin secretion) have been extensively characterized, alterations of the innate immune system are still poorly understood. The aim of the present study was to systematically examine mRNA expression levels of innate immune genes and proinflammatory cytokines in peripheral and intestinal leukocytes of subjects of different ages. In both, whole blood samples and in colonic biopsies most of the Toll-like receptors (TLRs) and nucleotide-binding and oligomerization domain-like receptors (NLRs) transcript levels were significantly downregulated in elderly subjects (90-99 years). Older individuals, when compared to the younger, exhibited an increased expression and/or secretion of proinflammatory cytokines by peripheral and intestinal leukocytes as well as an increased level of nuclear factor-kB activation in colonic biopsies. The observed downregulation of TLRs and NLRs during the aging process may contribute to the lack of effective recognition of invading pathogens or the commensal flora. This effect results in aberrant secondary immune cell activation and could significantly contribute to morbidity and mortality at advanced age.
Introduction
The term immunosenescence, introduced by Walford in 1969, describes the complex remodeling and progressive dysfunction of the immune system with age, a process that leads to increased vulnerability and reduced responsiveness to extrinsic factors, such as infectious agents. 1 Deregulation and changes of the aged adaptive immunity (for example, reduced immunoglobulin secretion, decrease in B-cell numbers and a diminished apoptosis rate in peripheral blood lymphocytes) have been extensively characterized [2] [3] [4] whereas age-related alterations of the innate immune system are still poorly understood.
Innate immunity is an evolutionarily ancient component of the human immune system that mediates a fast response to pathogens due to the recognition of invariant molecular patterns by a limited set of nonclonal, germ line-encoded receptors. Membrane-spanning Toll-like receptors (TLRs) and cytoplasmic nucleotide-binding and oligomerization domain-like receptors (NLRs) comprise important sensor systems of the innate immune system and initiate rapid immune responses by the activation of transcription factors of the interferon (IFN)-response factor or nuclear factor-kB (NF-kB)-family. 5, 6 The pleiotropic transcription factor NF-kB, which is complexed with the cytoplasmic inhibitor kB-a (IkB-a) in resting unstimulated cells, is capable of activating the expression of a variety of genes that enhance inflammatory activity. Acute proinflammatory responses are likely to be evolutionarily programmed to resist fatal infections and are thus important determinants of survival. On the other hand, a chronic, low-grade inflammatory status called inflamm-aging has been associated with long-term tissue damage and higher mortality risks in older individuals. 7 Proinflammatory cytokines (for example, interleukin (IL)-6 and IFN-g) appear to be involved in the development of most age-related conditions like type 2 diabetes, cardiovascular diseases or osteoporosis, while anti-inflammatory cytokines (for example, IL-10) have been shown to promote successful healthy aging. 8 These findings suggest a modulating role of the inflammatory state in the aging process and, ultimately, in life expectancy. 9 The aim of the present study was to characterize in detail at the transcriptome-level the age-related alterations of the innate immune gene repertoire in a large collection of tissue samples obtained from 153 individuals who span an extraordinarily broad age range from 16 to 99 years. In the first step, we analyzed mRNA expression levels of the most important human transcripts encoding the pattern-recognition receptors (PRRs) TLR1-10 and the NLRs, their respective adapter molecules and proinflammatory cytokines in whole blood samples of individuals subdivided into three different age groups. In the second step, we examined the mucosal immune system by comparing the secretion of proinflammatory cytokines in lamina propria mononuclear cells (LPMNCs) and the mRNA expression levels of TLRs, NLRs and their intracellular adapter molecules as well as the activation of NF-kB in colonic biopsy samples from individuals of different ages. The study presents the most comprehensive and systematic analysis of expression signature patterns of innate immune genes, using a large collection of samples from two different tissues and including individuals of extreme age (nonagenarians).
Methods

Study population
Fifty-five healthy individuals (40 women and 15 men) with an age range from 30 to 99 years (30 to o50 years, n ¼ 18; 50 to o70 years, n ¼ 19; 90 to 99 years, n ¼ 18) participated in the first part of the study. The subjects were recruited as part of the PopGen biobank. 10 The second part of the study included 98 healthy individuals (51 women and 47 men) aged from 16 to 88 years who were divided into two age groups for further analyses. Group number one comprised 74 individuals to examine the secretion of proinflammatory cytokines in LPMNCs (16 to o30 years, n ¼ 23; 30 to o50 years, n ¼ 16; X50 years, n ¼ 35) whereas group number two comprised 24 individuals for the expression screening of PRRs in colonic biopsies (30 to o50 years, n ¼ 5; 50 to o70 years, n ¼ 9; 70 to o90 years, n ¼ 10). The individuals attended the outpatient clinics of the Tabea Community Hospital in Hamburg, the Charité University Hospital in Berlin and the Department of Internal Medicine of the University Hospital Schleswig-Holstein in Kiel where they underwent colonoscopies for nonspecific symptoms or colorectal cancer screening, respectively. Individuals were included if they showed no signs of pathology by colonoscopy, histopathology of colonic routine biopsies as well as no other major diseases during diagnostic workup. None of the individuals had received steroids, immunosuppressants, antibiotics or nonsteroidal antiinflammatory drugs on more than one occasion within the previous month before colonoscopy. Suitable individuals were included consecutively without any selection. Biopsies were obtained after informed consent and the study was granted prior approval by the local ethics committees.
RNA isolation and preparation
Peripheral blood was directly collected into PAXgene Tubes (Qiagen, Hilden, Germany). Total RNA from whole blood samples was extracted according to the manufacturer's instructions using the PAXgene Blood RNA Kit (Qiagen). cDNA synthesis was performed with 200 ng of total RNA by following the Advantage RT-for-PCR-Kit from Clontech (BD Bioscience/Clontech, Heidelberg, Germany).
Gene-expression analysis by real-time PCR mRNA expression analyses of 46 genes coding for TLRs, NLRs and their adapter molecules were performed using the ABI Prism 7900HT Sequence Detection System in combination with TaqMan low-density arrays (Applied Biosystems, Foster City, CA, USA). This method enabled simultaneous analysis of 47 genes including the reference transcript glyceraldehyde-3-phosphate dehydrogenase (G3PDH) in two replicates of four samples per run. The list of genes is provided in the Supplementary Table 1 .
The mRNA expression analyses of the proinflammatory cytokines IL-8 (Hs00174103_m1), IL-1b (Hs00174097_m1) and tumor necrosis factor-a (TNF-a) (Hs00174128_m1) were also performed by the ABI Prism 7900HT Sequence Detection System (SDS 2.1 Software). Normalization of all results was performed with the housekeeping-genes b-actin and/or G3PDH.
Human lamina propria mononuclear cells
Colonic biopsies were obtained during colonoscopy. LPMNCs were isolated from intestinal mucosal biopsy samples as described previously. 11, 12 These cells were 96-98% mononuclear, the percentage of macrophages was controlled to be stable by both nonspecific esterase detection (Sigma, St. Louis, MO, USA) and staining for CD68 (Dako Diagnostica GmbH, Hamburg, Germany) using the alkaline phosphatase antialkaline phosphatase technique (Vector Laboratories, Burlingame, CA, USA; Dako, Carpinteria, CA, USA). Additional controls for the representation of different cell populations (CD20 (10-30%), CD3 (32-64%), CD4 (25-33%), CD8 (12-17%) were performed by flow cytometry (data not shown) (antibodies were purchased from Becton Dickinson, Mountainview, CA, USA). The distribution of subpopulations in the LPMNC preparations was found to be similar to that in earlier flow cytometry studies. [11] [12] [13] Contamination of epithelial cells was seen as less than 0.5% by both morphology and cytokeratin antibody (Dako) staining. 14 
Cell cultures and cytokine assays
LPMNCs were cultured in a concentration of 0.5 Â 10 6 cells per ml in RPMI 1640 (Gibco (Invitrogen), Carlsbad, CA, USA) supplemented with 10% fetal calf serum, 1% pyruvate, 100 U ml À1 penicillin and 50 mg ml À1 gentamycin with or without stimulation with pokeweed mitogen (PWM; 1% v/v). After 48 h supernatants were separated from cells by centrifugation, snap frozen and stored at À80 1C until determination of cytokine levels. Supernatant concentrations of TNF-a, IL-1b and IL-6 were assessed in duplicates or triplicates using specific enzyme-linked immunosorbent assay (ELISAs). Sensitivity levels were between 2.0 pg ml À1 (IL-1b) and 4.0 pg ml À1 (TNF-a).
RNA and protein extracts from colon biopsies Colonic biopsies were snap frozen in liquid nitrogen at the time of removal. For protein or RNA extraction the samples were mechanically pulverized with a mortar. Protein extracts were prepared by lysing the tissue homogenates in 150 ml denaturing lysis buffer containing 1% SDS, 10 mM Tris (pH 7.4) and 1% phosphatase inhibitor mixture II (Sigma-Aldrich, St Louis, MO, USA) for 5 min at 100 1C. After two times sonication for 5 s, protein extracts were separated from all other insoluble cell components by centrifugation for 15 min at 16 000 g at 4 1C. Total protein concentration was assessed by a modified Bradford's protein assay (BioRad, Munich, Germany). Protein extracts were snap frozen and stored at À80 1C. Total RNA was extracted according to the manufacturer's instructions using the RNeasy Mini kit (Qiagen). Quantification of the mRNA was assessed by absorbance at 260 nm.
Western blot
Soluble proteins from colonic biopsies (10 mg per lane) were separated by 12% denaturing SDS-polyacrylamide gel electrophoresis (PAGE). The gel was immunoblotted, membranes were then blocked for an hour and incubated overnight with primary antibodies as described elsewhere. 15 Primary antibodies employed were phospho-NF-kB pp65 and NF-kB p65 (Cell Signaling Technology Inc., Danvers, MA, USA), IkB-a (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) and b-actin used for normalization (Santa Cruz Biotechnology Inc.). After being washed with Tween-Tris-buffered saline (three times 5 min) membranes were incubated for 60 min with a horseradish peroxidase-conjugated secondary antibody (antirabbit or antimouse (both from Amersham Biosciences, Piscataway, NJ, USA)) diluted in blocking buffer. Membranes were washed, incubated with ECL-Plus Detection Reagent and exposed to Hyperfilm ECL (both from Amersham Biosciences). Between the staining with different primary antibodies, the membranes were stripped in 2% SDS, 62.5 mM Tris and 100 mM 2-mercaptoethanol for 30 min at 57 1C, washed and blocked again. The bands were quantified by the densitometry program ImageJ 1.37v (National Institutes of Health, USA). Each western blotting experiment was performed twice to exclude detection of artifacts caused by the stripping of the membranes.
Tissue processing and immunofluorescence
Biopsies were embedded in cryomatrix and snap frozen in liquid nitrogen. Cryostat sections (7 mm thick) were thaw-mounted on Superfrost slides (Erie Scientific, Portsmouth, NH, USA), postfixed for 5 min in acetone, airdried and stored at À20 1C before staining. Two sections of each biopsy were stained with hematoxylin & eosin (H&E) for routine histopathology. The other slides were permeabilized with 0.1% Triton X-100 in 0.1 M phosphatebuffered saline (PBS), washed three times in PBS followed by nonspecifically blocking in 0.75% bovine serum albumin in PBS. Subsequently, sections were incubated for 1 h with the respective antibody (NF-kB p65 (Roche Diagnostics, Mannheim, Germany). After washing in PBS, tissue bound antibody was detected using biotinylated goat-antimouse immunoglobulin Gantibodies (Vector Laboratories), followed by avidin-Cy 3 (Vector), both diluted at 1:100 in 5% human serum.
Controls included the use of an irrelevant primary antibody and the use of secondary antibody and avidin-fluorescein isothiocyanate without primary antibody, respectively. A nuclear counterstaining with bisbenzimid was performed. Fluorescence was then visualized using an Axiophot microscope (Zeiss, Jena, Germany) with the appropriate filter systems. Photos were taken on Provia 1600 color films (Fuji).
Representation of data and statistical analyses Expression data of real-time PCR experiments were collected in the three age groups and depicted on heatmaps. For a better comparability of individual genes, whole DC t -values for every single gene were analyzed on the basis of their ranks. Statistical significance of the differences for non-normally distributed data was tested between age groups with the Mann-Whitney U-test. 16 Normal distribution of ELISA data was evaluated by calculating Lilliefors probabilities based on KolmogorovSmirnov test. 17 In order to test the relationship between actual age and cytokine secretion levels, Spearman's rank order correlations were calculated.
Results
Expression of TLRs, NLRs and adapter molecules in peripheral blood leukocytes
To systematically assess age-dependent transcript levels of TLR and NLR genes and their respective adapter molecules in peripheral blood leukocytes, we analyzed mRNA expression levels of the most important 46 human transcripts encoding the PRRs TLR1-10 and the NLRs, their respective adapter molecules and proinflammatory cytokines in whole blood samples of 55 individuals subdivided into three different age groups (see Supplementary Table 1 for a complete list of assays). Of the 46 tested transcripts, 10 transcripts were not included into further statistical analyses due to undetectable expression levels. Of the remaining 36 transcripts, significant differences in the regulation of mRNA expression levels between very old and younger individuals were observed for 21 transcripts (Figure 1 ). Of note, we observed an imbalance between up-and downregulated genes with increasing age. A total of 20 of 21 differentially expressed genes were found to be downregulated in the elderly. TLR1 and TLR9 as well as NALP6 were among the transcripts with the highest significant downregulation in the elderly (Table 1 ). This expression pattern seems to be specific for old age, as there were no significant changes in any of the tested transcripts between the two younger subject groups (30 to o50 years and 50 to o70 years).
Assessment of IL-8, IL-1b and TNF-a transcript levels in peripheral blood leukocytes In our sample TLRs, NLRs and their adapter molecules were downregulated in peripheral blood leukocytes with increasing age. As senescence of the immune system has been previously associated with low-grade chronic inflammation and elevated circulating levels of proinflammatory cytokines, 7, 9 we further analyzed whether the observed downregulation of PRRs affect transcript levels of the proinflammatory cytokines IL-8, IL-1b and TNF-a. mRNA expression levels of IL-8, IL-1b and TNF-a in whole blood samples did not show a linear age-related increase (Figure 2 ). Transcript levels of IL-8 and IL-1b were significantly increased in the old age group when compared to the middle-aged group (age group 90-99 years in comparison to age group 50 to o70 years; IL-8: fold change ¼ 2.67 and P ¼ 0.0009; IL-1b: fold change ¼ 1.40 and P ¼ 0.028624), whereas no significant regulation was detected between these two groups and the younger individuals with a trend toward a downregulation in the middle-aged group. For TNF-a, the expression levels did not differ significantly between the age groups with a greater inter-individual variation possibly accounting for these results.
A differentiation between males and females resulted in no significant differences (data not shown).
Expression of TLRs, NLRs and adapter molecules in colonic biopsies
In the first part of the study, we represented changes of mRNA expression levels of TLRs, NLRs and their adapter molecules as well as of proinflammatory cytokines in peripheral blood leukocytes. To test the hypothesis that the downregulated expression of innate immune receptors represents a generalized phenomenon of immunosenescence, we validated our findings in intestinal biopsy specimen. We included 43 of the 46 transcripts with expression levels above the threshold into the statistical analysis. A total of 17 out of 36 transcripts showed significant differences in the regulation of mRNA expression levels between the groups ( Figure 3 and Table 2 ). A total of 16 differentially Innate immunity and aged leukocytes P Rosenstiel et al Table 1 Overview of significantly regulated transcripts in whole blood samples Abbreviations: CLL, chronic lymphocytic leukemia; NLR, nucleotide-binding and oligomerization domain-like receptor; TIR, Toll-interleukin-1 receptor.
Innate immunity and aged leukocytes P Rosenstiel et al expressed genes were found to be downregulated with age, only one transcript (NALP5) was upregulated in the study cohort. NALP9 and NALP4 were among the transcripts with the highest significant downregulation in the elderly ( Table 2 ). The observed expression patterns in peripheral blood leukocytes and in cells from intestinal biopsies lend support to the hypothesis that old age is generally associated with a downregulation of important sensors and inhibitory molecules (for example, NALP4) of the innate immune system.
Secretion of IL-1b, IL-6 and TNF-a by LPMNCs
To test whether immune cells from the intestinal mucosa alter their propensity to secrete proinflammatory cytokines with increasing age, we isolated LPMNCs from the colonic biopsy samples and examined constitutive and stimulated secretion of proinflammatory cytokines.
Spontaneous secretion of IL-1b, IL-6 and TNF-a by LPMNCs in short-term cultures is significantly altered between age groups (Po0.01, Table 3 ) with healthy older individuals (X50 years) secreting larger amounts than younger ones (16 to o30 years). A significant relation was found between the secretion levels and age (Spearman's rank order correlation Po0.001) although this relation does not follow a linear function (data not shown). No differences between women and men were detected. Stimulation with PWM increased the absolute levels of IL-1b, IL-6 and TNF-a without changing the relationship between age and secretion levels. Increased secretion of IL-6 showed the strongest association with age among all proinflammatory cytokines investigated ( Figure 4) .
Activation of NF-kB p65 increases with aging
To assess the activation level of the proinflammatory transcription factor NF-kB, that represents both a pivotal regulator and downstream target of many of the tested innate immune receptors and cytokines, western blot experiments were performed using nuclear extracts of intestinal biopsy specimen. We compared nine study participants aged between 70-90 years with 13 individuals between 30 to o70 years. A significant increase in NF-kB p65 phosphorylation as a surrogate marker of NFkB activation in extracts of colonic biopsies from individuals older than 70 years could be demonstrated by densitometry analysis (P ¼ 0.00012).
We also examined the expression level of the inhibitor of NF-kB, IkB-a, by western blot experiments. Corresponding to the increased activation of NF-kB in the intestinal mucosa, a decrease of the endogenous IkB-a could be observed with increased age ( Figure 5 ).
NF-kB p65 and p50 in LPMNC of mucosal sections (immunohistochemistry)
To identify the main cell type which contributes to the observed increased NF-kB p65 levels in nuclear extracts of mucosal biopsies, we analyzed colon biopsy samples by fluorescent staining for NF-kB p65 as well as routine H&E staining. In young individuals (n ¼ 6; 24-27 years) only very few cells positive for NF-kB p65 could be seen in contrast to older individuals (n ¼ 5; 70-84 years) ( Figure 6 ). In older individuals, NF-kB p65 staining was primarily seen in nuclei of LPMNCs. HE staining indicated no apparent morphological differences between the age groups. Figures 6a-d shows a representative sample of an older individual.
Discussion
The purpose of this study was to explore age-dependent expression changes of receptors of the innate immune system (for example, TLRs and NLRs) and proinflammatory cytokines (that is, IL-1b, IL-6, IL-8 and TNF-a) in leukocytes from whole blood samples and from intestinal biopsies, as they represent pivotal components for the maintenance of an effective host defense. [18] [19] [20] [21] The salient finding is that aging is associated with decreased expression levels of TLRs, nucleotide-binding domainleucine-rich repeat receptors and functionally associated genes pointing to a quantitative decline of innate defense mechanisms, which is accompanied by an upregulation of NF-kB activity and proinflammatory cytokine release. Innate immunity and aged leukocytes P Rosenstiel et al
These findings are in good agreement with hypothesisdriven studies showing that aging correlates with a diminished expression of TLRs on macrophages 22, 23 that may lead to a defect in macrophage signaling through TLRs. 24 Despite a common pattern of a general downregulation of many of the receptors in both, peripheral blood and the intestinal mucosa, we also identify transcripts differentially regulated between the two samples that may be of particular importance in tissue-specific age-related changes. For example, TLR10 is strongly downregulated in the intestinal sample whereas in the peripheral blood leukocytes no significant regulation can be detected. TLR10 may represent a pivotal link between innate and adaptive immune responses as high-expression levels have been demonstrated not only on monocytes but also directly on regulatory T cells, where its expression is regulated through a cooperative complex of FOXP3 and NF-AT. 25 Other downregulated intestinalspecific transcripts included the Pyrin-domain-containing NLR family members NALP4 and NALP9. Whereas NALP9 has not yet been described in the context of immune cell activation, NALP4 was first described as a protein suppressing NF-kB induction by TNF-a, IL-1b and by overexpression of several TLR adapter molecules, for example, TRAF6, RIP, IRAK2 and NF-kB-inducing kinase.
26 NALP4 directly associates with IKK-a and the NLR family member IPAF. 27 Although the exact ligand and signaling pathways of NALP4 have not been described, the data suggest that NALP4 may play a critical role in controlling inflammatory responses and Figure 3 mRNA expression of pattern-recognition receptors (PRRs) as well as their adapter molecules decreases with age in colonic biopsies. The results represent mRNA expression levels of 24 colonic biopsy samples (30 to o50 years, n ¼ 5; 50 to o70 years, n ¼ 9; 70 to o90 years, n ¼ 10). The data were obtained by real-time PCR experiments and normalized by glyceraldehyde-3-phosphate dehydrogenase (G3PDH). For a better comparability of individual genes, whole DCt-values for 36 transcripts were analyzed on the basis of their ranks. Individuals with an age range of 70 to o90 years exhibit a significant downregulation in 14 out of 36 transcripts when compared to individuals younger than 70 years. Significantly downregulated transcripts are marked with green gene symbols and gene names of upregulated transcripts are depicted in red (Po0.05).
Innate immunity and aged leukocytes P Rosenstiel et al Table 2 Overview of significantly regulated transcripts in the intestinal samples Abbreviations: ICE, interleukin-1b converting enzyme; NLR, nucleotide-binding and oligomerization domain-like receptors.
Innate immunity and aged leukocytes P Rosenstiel et al that its downregulation may contribute to the agedependent constitutive NF-kB activation observed in the intestinal mucosa.
TIR domain-containing adapter protein is a MyD88-like adapter protein in TLR4 signal transduction. [28] [29] [30] Together with the blood-specific downregulation of MyD88 itself, this may point to a novel mechanism to explain the deficiency in the recognition of LPS observed in aged peripheral leukocytes. 24, 31 NOD3 and SARM1 (sterile a and heat/armadillo motifs-containing protein) represent examples for transcripts, which are downregulated in both samples. Both encoded proteins have been described to exert inhibitory functions on NF-kB activation via interference with NLR (NOD3) 32 and TLR (SARM1) signaling. 33 Similar to NALP4 in the intestinal mucosa, their downregulation could contribute to an uncontrolled signal transduction via innate immune receptors and may further contribute to the perpetuation of age-related inflammation.
Aging is associated with an increased activation of NFkB in different tissues [34] [35] [36] and an increased secretion of proinflammatory cytokines. 7, 8 As both parameters represent critical cellular responses to TLR and NLR activation, we further assessed these signaling events in our samples. Indeed, we could confirm the results of the previous study in aged lymphocytes 37 and could extend this finding to the intestinal mucosa. As found in our western blot analysis ( Figure 5 ), protein levels and phosphorylation status of NF-kB p65 increase while protein levels of its cytoplasmic inhibitor, IkB-a, decrease with age. These findings reflect an enhanced NF-kB DNA binding activity during aging. It is tempting to speculate that the increased secretion of the proinflammatory cytokines TNF-a, IL-6, IL-1b and/or IL-8 depends on a chronic activation of NF-kB, 38 however, it cannot be excluded that the increased cytokine levels per se contribute as autocrine stimulatory factors. Higher levels of proinflammatory cytokines in the elderly could , medians with interquartile ranges). The symbol 'n' refers to the number of individuals in each age group. Statistical significance was tested with ANOVA (overall evaluation) and then compared between groups using the Mann-Whitney U-test. Spearman's rank order correlation (between actual age and secretion levels) indicated a Po0.001 in all groups with the exception of the unstimulated secretion of TNF-a (not detectable).
Innate immunity and aged leukocytes P Rosenstiel et al Figure 5 Activation of nuclear factor-kB (NF-kB) p65 in colonic biopsies increases while protein-levels of inhibitor kB-a (IkB-a) decrease with age. (a) Soluble proteins from colonic biopsies (10 mg per well) were separated by 12% SDS-polyacrylamide gel electrophoresis (PAGE), quantified by densitometry and normalized against b-actin. The detection of phospho NF-kB p65 (pp65) is a sign of activation of the NF-kB system. (b) In individuals older than 70 years compared to younger ones, significantly increased levels of NF-kB p65 and NF-kB pp65 (**Po0.001) and decreased levels of IkB-a (*Po0.05) could be detected by western blot experiments. constitute a positive feedback mechanism ultimately leading to a sustainment of NF-kB activation. Moreover, other modifying mechanisms contributing to an age-dependent perpetuation of NF-kB activation may be represented by alterations in the degradation kinetics of the endogenous NF-kB inhibitor, IkB-a 4, 39 or, ultimately, also a defective recognition and clearance of pathogens via the innate immune system (for example, a downregulation of TLR4 signals 24, 31 ) leading to secondary chronic inflammatory reaction of the adaptive immune system.
To summarize, our study demonstrates that aging is accompanied by a decline of first-line defense mechanisms, a downregulation of negative feedback loops (for example, NALP4, NOD3 and SARM1) and an augmentation of inflammation processes in the elderly. Both common and tissue-specific changes can be observed. The findings presented here provide supportive evidence for the concept of inflamm-aging. The immune system has adapted to control pathogens and therefore proinflammatory responses are likely to have been selected to fight infections. While inflammation is a necessary and important component of a host's defense mechanism early in life and in adulthood, it can become detrimental later as the overproduction of inflammatory molecules contributes to age-related diseases. Hence, individuals with weak inflammatory activity might be at a disadvantage with regard to surviving potentially fatal infections but might have a better chance of delaying or escaping major diseases at advanced ages. 7, 40 Note added in proof After the acceptance of the present article, a seminal study has been published (Alder et al. Genes and Development, 2007; 21: 3244-3257) that confirms the importance of a continual NF-kB activation for the aging process. The systematic approach identified the NF-kB consensus element as the most relevant cis-regulatory element in senescing tissues.
